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Summary
Background: In the long-germ insect Drosophila, a sin-
gle extraembryonic membrane, the amnioserosa, cov-
ers the embryo at the dorsal side. In ancestral short-
germ insects, an inner membrane, the amnion, covers
the embryo ventrally, and an outer membrane, the se-
rosa, completely surrounds the embryo. An early differ-
entiation step partitions the uniform blastoderm into
the anterior-dorsal serosa and the posterior-ventral
germ rudiment giving rise to amnion and embryo
proper. In Drosophila, amnioserosa formation depends
on the dorsoventral patterning gene zerknu¨llt (zen), a
derived Hox3 gene.
Results: The short-germ beetle Tribolium castaneum
possesses two zen homologs, Tc-zen1 and Tc-zen2. Tc-
zen1 acts early and specifies the serosa. The loss of
the serosa after Tc-zen1 RNAi is compensated by an
expansion of the entire germ rudiment toward the ante-
rior. Instead of the serosa, the amnion covers the
embryo at the dorsal side, and later size regulation nor-
malizes the early fate shifts, revealing a high degree of
plasticity of short-germ development. Tc-zen2 acts
later and initiates the amnion and serosa fusion re-
quired for dorsal closure. After Tc-zen2 RNAi, the
amnion and serosa stay apart, and the embryo closes
ventrally, assuming a completely everted (inside-out)
topology.
Conclusions: In Tribolium, the duplication of the zen
genes was accompanied by subfunctionalization. One
of the paralogues, Tc-zen1, acts as an early anterior-
posterior patterning gene by specifying the serosa. In
absence of the serosa, Tribolium embryogenesis ac-
quires features of long-germ development with a single
extraembryonic membrane. We discuss implications
for the evolution of insect development including the
origin of the zen-derived anterior determinant bicoid.
Introduction
One of the evolutionary innovations that probably con-
tributed to the unparalleled success of the insects is*Correspondence: siegfried.roth@uni-koeln.dethe formation of two protecting extraembryonic mem-
branes: the amnion and the serosa [1]. These mem-
branes are absent from all other arthropods [2, 3]. The
prominent distinction between cells of the presumptive
serosa and cells of the germ rudiment, giving rise to
the amnion and the embryo proper, is the first differenti-
ation step that occurs within the uniform blastoderm.
This stage is called the “differentiated blastoderm” [4].
Remarkably, this stage is absent in a small group of
insects, the higher dipterans, to which Drosophila be-
longs [5, 6]. In Drosophila, the germ rudiment occupies
the entire blastoderm. A single extraembryonic mem-
brane, the amnioserosa, develops from a dorsal stripe
of the blastoderm and covers the yolk at the dorsal side
of the egg during further development.
The red flour beetle Tribolium castaneum may be a
representative of all other insects, given that it still pos-
sesses an amnion and a serosa and the differentiated
blastoderm stage. At this stage, the prospective serosa
is visible as a dorsally tilted anterior cap of flattening
cells. During gastrulation, the serosa, together with the
amnion, begins to cover the embryo proper at the pos-
terior pole, forming the posterior amniotic fold. The
same occurs to a lesser extent at the anterior pole,
forming the anterior amniotic fold. When the crests of
the amniotic folds meet, a round serosal window is
formed. Finally, the serosal window closes, forming a
continuous outer membrane, the serosa, and an inner
membrane, the amnion [7] (see also Figures 8A–8D for
schematic representation).
In Drosophila, amnioserosa formation requires the
gene zerknu¨llt (zen), which encodes a homeobox tran-
scription factor [8] and is a target gene of maternal and
zygotic dorsoventral (DV) morphogen gradients. During
early blastoderm stages, the maternal NF-κB/Dorsal
protein gradient represses zen in the ventral half of the
embryo and thus confines its transcription to a broad
dorsal domain [9]. During gastrulation, a zygotic bone
morphogenetic protein (BMP) gradient with peak levels
along the dorsal midline activates zen in a 5-cell-wide
dorsal expression domain comprising the cells that
give rise to the amnioserosa (see [10] for review). In
zen mutants, the amnioserosa is lost and is replaced
by dorsal ectoderm. zen maps to the Antennapedia
complex (ANT-C) between deformed and probos-
cipedia [11]. This region harbors two closely linked
transcription units, zen and z2, with identical expres-
sion patterns [12]. Because zen alone could rescue a
deletion covering both zen and z2, it was suggested
that z2 is dispensible [12]. This was later confirmed by
producing a deletion specific for z2 [13].
zen homologs have also been found in Tribolium cas-
taneum and the grasshopper Schistocerca gregaria.
Schistocerca-zen is expressed in the serosa and late
amnion, whereas Tribolium zen is expressed in the se-
rosa [14, 15]. Later sequencing of the Tribolium ANT-C
revealed two zen homologs: Tc-zen1, which corres-
ponds to the homolog cloned by Falciani et al. [14], and
Tc-zen2 [16]. Notably, the duplication of zen in Dro-
sophila and Tribolium has happened independently, as
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sence of z2 in Drosophila pseudoobscura [17]. So far,
expression of Tc-zen2 has not been investigated. The
expression of Schistocerca zen and Tribolium zen1
suggests a conserved function for zen in the patterning
or differentiation of extraembryonic tissues in all in-
sects. However, until now, no functional study has been
conducted except in Drosophila.
In this paper, we show that after duplication, the zen
genes of Tribolium acquired partially different expres-
sion patterns and diverged completely with regard to
their function. RNAi with Tc-zen2 results in incorrect
dorsal closure, generating completely everted (inside-
out) larvae. RNAi with Tc-zen1 leads to the complete
loss of the anteriormost cell fate, the serosa, and a
compensating expansion of the more posterior germ
rudiment. The fact that Tc-zen1 is involved in early
specification of an anterior structure might have been a
favorable condition for the evolution of the zen-derived
anterior determinant bicoid, which specifies head and
thorax in higher dipterans [18]. Despite absence of the
serosa after Tc-zen1 RNAi, size regulation generates
normal larvae that exhibit perfect dorsal closure. This
developmental plasticity sheds light on the evolution of
long-germ insects with a single extraembryonic mem-
brane (the amnioserosa).
Results
Expression of the zerknu¨llt Genes in Tribolium
We first asked whether the duplication of the zen genes
in the lineage leading to Tribolium led to differences in
the expression pattern of the two paralogues. Tc-zen2
is expressed similarly to Tc-zen1 [14] in the presump-
tive serosa at the anterior pole of blastoderm embryos
(Figure 1A). The flat cells of the presumptive serosa are
easily recognized by the wider-spaced nuclei (Figure
1B). During and after gastrulation, when the serosa cov-
ers the embryo, Tc-zen2 continues to be expressed in
the serosa, like Tc-zen1 (Figure 1C). As for Tc-zen1, noFigure 1. Expression Pattern of Tc-zen2
All embryos show in situ hybridizations for
Tc-zen2.
(A) Optical midsection of a differentiated
blastoderm embryo. Tc-zen2 is expressed in
a tilted anterior cap.
(B) Fluorescence image of the surface of the
embryo shown in (A). DAPI staining visual-
izes the nuclei. Tc-zen2 is expressed in the
wider-spaced nuclei of the presumptive
serosa.
(C) Serosal window stage. Tc-zen2 is ex-
pressed in the serosa, which completely
covers the embryo. The inset shows the se-
rosal surface at larger magnification. Tc-zen2
transcripts are found in the cytoplasm sur-
rounding the nuclei of the stretched-out se-
rosal cells.
(D) Extended germband stage. Tc-zen2 is ex-
pressed in the amnion, covering the thoracic
and posterior head region. The serosa has
been removed. Arrowheads indicate the lim-
its of the expression. “sw” denotes serosal
window, and “hl” denotes head lobe.expression was detected in the embryo proper or in
the early amnion. Whereas Tc-zen1 expression remains
restricted to the serosa, Tc-zen2 shows a new expres-
sion domain in the late amnion (Figure 1D). Tc-zen2
transcripts can be detected in the flattened amniotic
cells that cover the posterior head and the anterior tho-
rax region (Figure 1D). This expression is initiated
shortly before the amnion and serosa begin to fuse
(see below).
Functional Analysis of the zerknu¨llt
Genes by Parental RNAi
To investigate the function of the Tribolium zen genes,
we performed knockdown experiments with the paren-
tal RNAi technique. As a negative control, female pupae
were injected with lacZ dsRNA. Aside from 13% unfer-
tilized or undeveloped eggs, all developing young em-
bryos from these mothers were indistinguishable from
the wild-type (Figure 2, penultimate bar). After injection
of 0.1 g Tc-zen1 or Tc-zen2 dsRNA, similar fre-
quencies of unfertilized or undeveloped embryos were
observed (Figure 2). The developing embryos, however,
displayed distinct, specific phenotypes, which are de-
scribed in the next sections. Control in situ hybridiza-
tions confirmed the absence of Tc-zen1 or Tc-zen2
transcripts after the respective dsRNA injection and the
absence of both transcripts after the combined injec-
tions. Furtermore, we monitored the interdependence
of the paralogues. Tc-zen2 does not control Tc-zen1
expression because normal Tc-zen1 expression was
detected after Tc-zen2 RNAi. In contrast, the early ex-
pression of Tc-zen2 is dependent on Tc-zen1 because
no early Tc-zen2 transcripts were found after Tc-zen1
RNAi. However, late amniotic expression of Tc-zen2
could be detected after Tc-zen1 RNAi (data not shown),
demonstrating that this late expression is independent
of Tc-zen1 and that a nonspecific knockdown of Tc-
zen2 transcripts by Tc-zen1 dsRNA injections can be
excluded.
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626Figure 2. Phenotypic Frequencies for Paren-
tal RNAi with the Two Tc-zen Homologs
Frequencies of phenotypes after Tc-zen1
RNAi, Tc-zen2 RNAi, combined RNAi, and a
control injection with lacZ dsRNA. Every first
bar represents the germband stages ana-
lyzed (12–18 hr). Every second bar repre-
sents the cuticles analyzed (>96 hr). Strong
RNAi phenotypes are shown in red, moder-
ate RNAi phenotypes in orange, wild-type
phenotypes in green, unfertilized or undevel-
oped eggs in black, and nonspecific effects
in blue. Tc-zen1 RNAi has an early effect; the
abnormal phenotype is later restored (com-
pare first and second bar). Tc-zen2 RNAi has
a late effect (compare third and fourth bar).
The combined RNAi is similar to Tc-zen1
RNAi. The following is a short description of
the categories. Germband extension pheno-
types after Tc-zen1 RNAi: Strong pheno-
type = big head and no serosa; moderate
phenotype = normal-appearing head and no
serosa. Cuticle phenotypes after Tc-zen1
RNAi: Moderate phenotype = unhatched,
strongly curved larvae. Cuticle phenotypes
after Tc-zen2 RNAi: Strong phenotype =
completely everted; moderate phenotype =
partially everted. Combined injection: see
Tc-zen1 RNAi. Note that after Tc-zen1 RNAi,
all differentiated blastoderm embryos (6–9
hr) lack the serosa and have an expanded
germ rudiment (see text). The first bar, how-
ever, shows a slightly later stage (12–18 hr),
in which 71% display dramatic conse-
quences of this phenotype (red), but 14% are
already partially recovered (orange).Loss of Tc-zen1 Causes a Transformation z
mof Presumptive Serosa into Germ Rudiment
In wild-type embryos at the differentiated blastoderm p
tstage, a clear distinction arises between the wider-
spaced serosal cells and the more densely spaced cells t
sof the germ rudiment (Figure 1B). This difference is
even more pronounced at gastrulation onset, marked
aby the formation of the primitive pit at the posterior pole
(Figure 3A). At this stage, the serosal nuclei become p
elarger than those of the germ rudiment because they
undergo polyploidization. After Tc-zen1 RNAi, the em- h
abryos never partition the blastoderm into regions with
distinct nuclear spacing (Figure 2; Figure 3G). The u
onuclear density throughout the embryo resembles that
of the germ rudiment. Thus, high nuclear densities are a
talso found in the anterior third of the embryo, where
the serosa would form normally. At the anterior tip, a a
hslight decrease in nuclear density is observed (Figure
3G; Figure 4J). However, even here the nuclei are more s
adensely packed than in the presumptive serosa of a
wild-type embryo at the corresponding stage. Further-
4more, in this region, the nuclear size does not increase
as in serosal nuclei, and there is no sharp boundary [
oseparating this region from the remaining cells.
The high nuclear density throughout the embryo can d
Rbe explained by assuming that Tc-zen1 RNAi causes
a loss of the serosal cell fate. Almost all cells of the T
sblastoderm appear to adopt the fate of germ rudiment.
The slight decrease in nuclear density at the anterior u
ppole could be due to an incomplete knockdown of Tc-en1 after dsRNA injection. However, the later develop-
ent of Tc-zen1 RNAi embryos suggests another ex-
lanation and is described below. To test the assump-
ion that the germ rudiment expands at the expense of
he serosa after Tc-zen1 RNAi, we analyzed the expres-
ion of five marker genes.
Tc-twist served as a ventral marker. In the wild-type
t the uniform blastoderm stage, Tc-twist is weakly ex-
ressed in a ventral stripe along the entire anteropost-
rior (AP) axis. Shortly before primitive-pit formation,
owever, Tc-twist is excluded from the emerging serosa
nd is strongly upregulated in the germ rudmiment (Fig-
res 4A and 4B; [19, 20]). In Tc-zen1 RNAi embryos, we
bserved this strong upregulation along the entire AP
xis (Figures 4I and 4J). The expanded stripe of strong
wi expression includes the slightly wider-spaced cells
t the anterior tip, demonstrating that they do not be-
ave as serosal cells do. The change in twi expression
uggests that the whole ventral side of the embryo
dopted the cell fate of the germ rudiment.
The expression of the novel gene Tc006A12 (Figures
C and 4D; GenBank accession number CB335374
21]) and of the homeobox gene Tc-orthodenticle1 (Tc-
td1 [22]) was analyzed to investigate how the AP coor-
inates of the germ rudiment change after Tc-zen1
NAi. In wild-type embryos at the primitive-pit stage,
c006A12 and Tc-otd1 are expressed in a wedge-
haped domain, immediately posterior the serosa (Fig-
res 4C and 4D; data not shown). The onset of ex-
ression of an additional posterior Tc006A12 domain
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627Figure 3. The Development of Embryos after
Parental Tc-zen1 RNAi
(A–F) Wild-type embryos; lateral views are
shown unless otherwise indicated. (G–L) Em-
bryos of the corresponding age after Tc-zen1
RNAi. (A–E and G–K) DAPI stainings. (D–F
and J–L) Engrailed antibody stainings.
(A) Onset of gastrulation (primitive-pit stage).
The nuclei of the serosa are larger and wider-
spaced than those of the germ rudiment.
(B) Serosal window stage. The amnion and
the serosa grow over the head and abdomen
of the embryo proper.
(C) Extending germband stage. After closure
of the serosal window, the amnion and the
serosa cover the embryo as continuous
membranes. The amnion (A) is easily visible.
The serosa has been removed.
(D) Extended germband stage. Amnion and
serosa have been removed.
(E) Ventral view of the third Engrailed stripe
of an extending germband embryo.
(F) Retracting germband stage.
(G) After Tc-zen1 RNAi, the distinction be-
tween the widely spaced nuclei of the serosa
and the densely spaced nuclei of the germ
rudiment is absent. All nuclei are densely
spaced.
(H) During gastrulation, cells condense
slowly to the ventral side. No serosal window
is visible.
(I) More cells than in the wild-type contribute
to the head, which develops slower. A struc-
ture similar to the posterior amniotic fold
forms.
(J) The cells of the big head express En-
grailed. The En stripes are laterally ex-
panded and further apart in the anteropos-
terior dimension. Development of the head is
delayed with regard to development of the
abdomen.
(K) Ventral view of the third Engrailed stripe
of an extending germband embryo. The
stripe consists of 1.5× more cells, which are
less densely spaced.
(L) At the retracted germband stage, Tc-zen1
RNAi embryos look rather normal. Arrow-
heads point to the double extraembryonic
membrane, covering the abdomen of the
embryo. The following abbreviations were
used: a, amnion; paf, posterior amniotic fold;
pp, primitive pit; and sw, serosal window.(Figures 4C and 4D) allows accurate staging of Tc-zen1
RNAi embryos in comparison to the wild-type. In Tc-
zen1 RNAi embryos, the anterior Tc006A12 domain ex-
pands and is shifted toward the anterior pole to cover
the area, which harbors the serosa in the wild-type (Fig-
ures 4K and 4L). Because the expansion is more pro-
nounced at the dorsal in comparison to the ventral side,
the domain becomes more symmetrical along the DV
axis. The same expansion is observed for zygotic Tc-otd1 expression (data not shown). These data suggest
that the serosa is replaced by enlarged anterior regions
of the germ rudiment.
The pair-rule genes Tc-eve [23] and Tc-hairy [24] were
used as markers to investigate whether more-posterior
fates of the germ rudiment expand as well. In the wild-
type, Tc-eve is expressed in a broad posterior cap and
in one anterior stripe at the very onset of primitive-pit
formation (Figures 4E and 4F). At this stage, both do-
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(Figure 4. Expansion of the Germ Rudiment after Tc-zen1 RNAi
((A–F) Wild-type differentiated blastoderm stages (A–F) and early
agastrulation (G and H). Lateral views are shown unless indicated
aotherwise. (I–P) Corresponding stages after Tc-zen1 RNAi. (B), (D),
s(E), and (G) and (J), (L), (N), and (P) show DAPI counterstainings of
(the embyos shown above.
d(A and B) Ventral view. Tc-twist is expressed in the germ rudiment,
dbut not in the flattened serosa cells, characterized by wider-
(spaced nuclei.
p(C and D) Tc006A12 expression in the anterior germ rudiment, just
aposterior of the serosa. Onset of expression in the primitive pit
(allows accurate staging of the embryos.
a(E and F) Tc-evenskipped at the onset of the differentiated blasto-
pderm stage.osterior amniotic fold (Figure 3B; see also Figure 8 for
G and H) Tc-hairy expression at the onset of gastrulation.
I and J) Ventral view. Tc-twist upregulation has expanded to the
nterior tip. Some slightly wider-spaced nuclei are present at the
nterior tip. However, they express twi and are therefore not of
erosal origin.
K and L) The anterior domain of Tc006A12 expression shows a
ramatic expansion toward the anterior. Also, the more posterior
omain seems to be expanded.
M and N) Tc-eve expression at the primitive-pit stage. Both the
osterior cap and the stripe are expanded toward the anterior and
re enlarged. No serosal nuclei are present.
O and P) All three Tc-hairy stripes expanded toward dorsal and
nterior and shifted anteriorly. The effect is diminished for the more
osterior stripes.ains are expanded and shifted anteriorly after Tc-zen1
NAi (Figures 4M and 4N). The same was observed for
he expression of Tc-hairy (data not shown). Thus, all
erm-rudiment cell fates, including the more-posterior
nes, appear to be expanded toward the anterior. Fur-
hermore, the Tc-eve stainings allowed us to assess
hen Tc-zen1 starts to act. At the early uniform blasto-
erm stage, Tc-eve is expressed in a posterior cap, with
ts anterior border in the middle of the blastoderm. At
his stage, no dramatic differences between wild-type
nd Tc-zen1 RNAi embryos could be detected, sug-
esting that the fate shifts toward the anterior do not
ake place until shortly before the differentiated blasto-
erm stage (data not shown).
At the onset of gastrulation, Tc-eve and Tc-hairy are
xpressed in three stripes, restricted to the condensing
erm rudiment (Figures 4G and 4H for Tc-hairy). Tc-zen1
NAi causes an expansion and a shift of all stripes to-
ard the anterior. This effect is most pronounced for
he anterior stripe and decreases toward the posterior
Figures 4O and 4P for Tc-hairy). Furthermore, Tc-hairy
s expressed along the entire DV axis in Tc-zen1 RNAi
mbryos. The same was observed for Tc-eve. At this
tage, the expansion of the serosa has led to a con-
iderable ventral condensation of the germ rudiment in
ild-type embryos. The absence of this process is
robably the main reason that the Tc-hairy stripes show
dramatic dorsal expansion after Tc-zen1 RNAi (see
iscussion).
In summary, these data demonstrate that the earliest
vert cell-differentiation step of the Tribolium embryo,
he differentiation into serosal and germ rudiment cells,
epends on Tc-zen1. The absence of serosal cells after
nockdown of Tc-zen1 is compensated by an anterior
xpansion of the entire germ rudiment, including the
ore posterior fates. In absence of the serosa, both the
osterior and ventral condensation of the germ rudi-
ent are blocked. Concomitantly, the expression do-
ains of early embryonic patterning genes cover a
arger area of the embryo surface. This leads to a situa-
ion resembling long-germ development.
fter Loss of Tc-zen1, the Amnion Covers the Yolk
t the Dorsal Side of the Embryo
n gastrulating wild-type embryos, the germ rudiment
ondenses to the ventral side, and the amnion and se-
osa start to cover the abdomen by formation of the
Functional Analysis of the Tribolium zen Genes
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Engrailed (En) stripe, the amnion and the serosa have
completely covered the embryo proper (Figure 3C shows
only the amnion). During later stages of Tc-zen1 RNAi
embryos, cells also condense toward the ventral side,
and an increasing number of wider-spaced nuclei be-
comes visible at the anterior and dorsal side (Figures
3H and 3I). However, this process is delayed in compar-
ison to the wild-type, and no sharp boundary forms be-
tween the area of the wider-spaced nuclei and the de-
veloping germband. In addition, the abdomen starts to
be covered by a double layer of extraembryonic tissue
(Figure 3I) that resembles the posterior amniotic fold
of wild-type embryos. However, this process is much
delayed, and a serosal window never forms. The
embryo will never be completely covered by extraem-
bryonic cell layers, even when 17 En stripes are present
(Figure 3J).
The appearance of widely spaced nuclei and a
double layer of extraembryonic tissue seems to indi-
cate the presence of serosal cells. Three lines of evi-
dence, however, strongly suggest that all extraembry-
onic tissue in these embryos is of amniotic origin. First,
cell divisions could still be detected by anti-phospho-
histon3 (αPH3) staining among the wider-spaced nuclei
(data not shown). Serosal cells never show αPH3 stain-
ing because they stop dividing prior to gastrulation and
later become polyploid. In contrast, amniotic cells
maintain mitotic activity even after they become flat-
tened and widely spaced during wild-type development
[20]. Second, the serosal marker Tc004A04 ([21]; GEN-
BANK accession number CB335138) is not expressed
in these flattened cells (n = 54; data not shown). Third,
and most important, these cells express the amniotic
marker gene TcGATAx (Figure 5; [25]). In the wild-type
at the primitive-pit stage, TcGATAx expression is ex-
cluded form the serosa. TcGATAx starts to be ex-
pressed in a dorsal stripe of the germ rudiment and in
the primitive pit (Figure 5A). Weak expression is also
found at the anterior rim of the germ rudiment just pos-
terior to the serosa (marked by arrows in Figure 5A).
Thus, early TcGATAx expression occurs presumably in
the amniotic anlagen. In accordance with this assump-Figure 5. The Amnion Covers the Embryo at
the Dorsal Side of Tc-zen1 RNAi Embryos
(A and D) Wild-type embryos. (B and E) Em-
bryos after Tc-zen1 RNAi. (C and F) DAPI
counterstainings of embryos shown in (B)
and (E).
(A) Primitive-pit stage. TcGATAx is expressed
dorsally in the presumptive amnion and is
absent in the flattened cells of the serosa.
On the surface, a faint rim of expression can
be observed, just posterior to the serosa (ar-
rows; out of focus in lateral regions).
(B and C) Tc-zen1 RNAi embryo at a later
stage than (A). At this stage, cells start to
flatten at the anterior pole, as seen from the
wider-spaced nuclei (C). These cells all ex-
press TcGATAx.
(D) Extending germband stage. All cells of the amnion express TcGATAx. The arrowhead points to a small group of cells expressing TcGATAx
within the head region.
(E and F) After Tc-zen1 RNAi, all flattened cells express TcGATAx. The arrowhead points to the small group of cells expressing TcGATAx
within the head region. The white lines in (F) demarcate the anterior and posterior end of the embryo proper.tion, during germband extension, TcGATAx becomes
highly expressed in the amniotic cells that have folded
over the embryo at the ventral side (Figure 5D). In Tc-
zen1 RNAi embryos, all wider-spaced, stretched-out
cells that emerge anterior and dorsal to the condensing
embryonic anlagen express TcGATAx (Figures 5B and
5C). The expression level increases during further de-
velopment, and the border toward the condensing em-
bryonic anlagen sharpens (Figures 5E and 5F). TcGATAx
is also expressed in the cells that form a double layer
partially covering the abdomen after Tc-zen1 RNAi (Fig-
ure 5E; data not shown). Because no stretched-out cells,
which lack TcGATAx expression, exist after Tc-zen1 RNAi,
we conclude that all serosal cells are lost, and all
stretched-out cells are amniotic. The flattening of these
cells occurs with the same time course as that of wild-
type amniotic cells—that is, much later and more con-
tinuously than the flattening of the serosal cells. This
may explain the delayed condensation of the embry-
onic anlagen after Tc-zen1 RNAi (Figure 3). The slightly
wider-spaced nuclei at the anterior tip of early Tc-zen1
RNAi embryos might be the first sign of amnion forma-
tion (Figure 3G; Figure 4J).
Size Regulation after Loss of Tc-zen1
The “big head” phenotype is the most striking conse-
quence of a loss of Tc-zen1 and is clearly visible
throughout germband elongation (Figures 3I and 3J).
The head and thorax region of the embryo is enlarged
in comparison to the wild-type (Figures 3C, 3D, 3I, and
3J). The development of the head and thorax is also
considerably delayed, as indicated by a retarded for-
mation of the head lobes and segmental grooves in this
area. The abdominal segments, however, look normal,
probably because they emerge from a growth zone and
are unaffected by fate shifts in the blastoderm.
To get a quantitative measure for these changes, we
analyzed the size of the Engrailed (En) stripes (Figures
3E and 3K). The third En stripe consisted of 1.5× as
many cells in the lateral dimension in comparison to
the wild-type stripe (n = 4). The total area occupied by
this stripe is even larger than 1.5× the area of a wild-
type stripe. Hence, not only does the anterior of the
Current Biology
630embryo consist of more cells, those cells are also less o
idensely packed than in the wild-type. The latter may be
the consequence of a slower condensation of head and
sthoracic cells.
The enlargement of head and thorax is restored dur- f
fing further development, leading to strikingly normal
embryos at the time of dorsal closure (Figure 2; Figures s
s3F and 3L). The double membrane covering the abdo-
men is still present (Figure 3L), but it disappears during t
tdorsal closure. Finally, 78% of the larvae secreted a
largely normal cuticle: 54% of the larvae even hatched, w
fwhereas 24% did not hatch, but their cuticle was indis-
tinguishable from the wild-type except for the head be- r
ting bent toward the ventral side (Figure 2, second bar;
data not shown). To investigate whether the enlarge- l
tment of the head and thorax during early development
led to an increased size of the larvae, we compared the a
slength of wild-type and Tc-zen1 knockdown larvae. No
significant difference was detected (Tc-zen1 RNAi: 324 m
om, n = 6, standard deviation (sd) = 18 m; wild-type:
335 m, n = 10, sd = 28 m). To check whether regula- s
[tion of cell number was taking place by decreased cell
divisions or by increased cell death, we performed t
αPH3 stainings and TUNEL assays, respectively. How-
ever, within the head and thorax region, no apparent f
sdifferences were detected between wild-type and Tc-
zen1 knockdown embryos (data not shown). t
tIn summary, these observations show that not only
can Tribolium embryos develop without a serosa, but l
uthat they also possess the regulative capacity to ame-
liorate a severe anterior expansion of the early fate map d
aof the germ rudiment. The mechanisms responsible for
this size regulation are, however, not obvious (see Dis- a
cussion).
w
gTc-zen2 Is Required for Dorsal Closure
c
In contrast to Tc-zen1, Tc-zen2 RNAi causes no abnor-
c
malities before dorsal closure (Figure 2, third bar). The
embryos form a normal serosa, which expresses Tc-
zen1 (data not shown). Of the collected cuticles, how- S
Rever, 57% turned out to be completely everted (Figure
2, fourth bar; Figure 6). In these cuticles, the legs, bris- B
dtles, and urogomphi are enclosed by the body wall (Fig-
ures 6C and 6D), whereas the tracheae and hindgut lie jFigure 6. Everted Larval Cuticle after Tc-
zen2 RNAi
(A) Wild-type first-instar larva.
(B) Everted (inside out) larva after Tc-zen2
RNAi.
(C and D) Magnified regions from (B). (C) The
legs are enclosed by the body wall. Arrow-
heads mark the tips of the legs. (D) Bristles,
marked by arrowheads, and urogomphi,
marked by an asterix, point to the inside and
are enclosed by the body wall.utside (data not shown). Wild-type dorsal closure was
nvestigated in order to understand this phenotype.
After closure of the serosal window, the amnion and
erosa cover the embryo as separate cell layers. At the
ully extended germband stage, however, the amnion
uses with the serosa beneath the thorax and posterior
egments of the head (Figure 7A; see also Figure 8 for
chematic representation). Analysis of confocal sec-
ions suggests that this fusion takes place by intercala-
ion of amniotic and serosal cells. This is in accordance
ith the appearance of closely adjacent nuclei in the
usion area, among the otherwise regularly spaced se-
osal nuclei (data not shown). The fusion proceeds in
he lateral-to-dorsal direction (Figure 7B), pulling the
ateral sides of the embryo toward dorsal. At this stage,
he embryo is surrounded ventrally only by the fused
mnion and serosa (Figure 7B). This fused amnion and
erosa subsequently disappears (Figure 7C). The re-
aining serosa, which connects the two lateral sides
f the embryo and covers the yolk at the dorsal side,
tarts to crumble (Figure 7C), forming the dorsal organ
26]. When the dorsal organ is absorbed into the yolk,
he embryo closes dorsally.
After Tc-zen2 RNAi, however, the amnion does not
use with the serosa. Amnion and serosa are visible as
eparate cell layers even at the stage of germband re-
raction (Figure 7D). Consequently, the dorsal sides of
he embryo are forced to close ventrally, enclosing the
egs and leaving the nerve cord outside (Figure 7E). Fig-
res 8I–8N show a schematic comparison of wild-type
orsal closure with the “ventral” closure of the embryo
fter Tc-zen2 RNAi; the latter type of closure generates
n everted embryo.
Because Tc-zen2 is expressed in the late amnion,
here fusion of the amnion and the serosa starts, and
iven the absence of fusion after Tc-zen2 RNAi, we
onclude that Tc-zen2 is necessary for the proper inter-
alation of the amnion and the serosa.
imultaneous Loss of Tc-zen1 and Tc-zen2
escues the Tc-zen2 Knockdown Phenotype
ecause the late amniotic expression of Tc-zen2 is in-
ependent of Tc-zen1, we asked whether combined in-
ections of Tc-zen1 and Tc-zen2 dsRNA would result in
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631Figure 7. Wild-Type Dorsal Closure and the Origin of the Everted Tc-zen2 RNAi Phenotype
Confocal images of cross-sections through the thoracic region of wild-type (A–C) and Tc-zen2 RNAi embryos (D and E). Cell membranes are
stained with anti-phospho-tyrosine (red), and cell nuclei are stained with YOYO (green). (A#), (B#), and (D#) show magnifications of the area in
the white squares in (A), (B), and (D), respectively. Schematic drawings are presented to the right.
(A) Extended germband stage. The amnion fused with the serosa at the ventral side.
(B) Wild-type retracted germband stage. The fusion of amnion and serosa proceeded more toward the dorsal side.
(C) Wild-type dorsal closure. The fused amnion and serosa disappeared. The remaining serosa connects the two sides of the embryo above
the yolk. The asterix marks the dorsal organ.
(D) After Tc-zen2 RNAi, the amnion and the serosa stay apart as two separate membranes, even at this retracted germband stage.
(E) After Tc-zen2 RNAi, the embryos are completely everted. The nerve cord remains outside. The legs are enclosed by the bodywall. “l”
denotes leg, and “n” denotes nerve cord.an additive phenotype. Surprisingly, combined injec-
tions lead to phenotypes indistinguishable from those
produced by Tc-zen1 dsRNA injections alone. The em-
bryos do not display the Tc-zen2 phenotype and exhibit
normal dorsal closure (Figure 2,fifth and sixth bar). This
indicates that the only function of Tc-zen2 is the fusion
of the amnion with the serosa. Because there is no se-
rosa after Tc-zen1 RNAi, the fusion of the amnion and
the serosa is not required. The amnion is oriented in a
manner allowing dorsal closure to occur normally (com-
pare Figures 8H and 8K).Discussion
In this study, we show that the two zerknu¨llt homologs
in Tribolium have very disctinct, nonredundant func-
tions. Tc-zen1 has an early function and specifies the
serosal fate at the blastoderm stage. RNAi with Tc-zen1
results in loss of serosal fate and expansion of the germ
rudiment fate, including the amnion. Tc-zen2 has a late
function and is responsible for the fusion, crucial for
dorsal closure, of amnion and serosa at the extended
germband stage. RNAi with Tc-zen2 results in com-
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632Figure 8. Schematic Drawings of the Tc-zen
Loss-of-Function Phenotypes
(A–D) Wild-type gastrulation and germband
extension. (E–H) The Tc-zen1 RNAi pheno-
type. (I–K) Wild-type dorsal closure. (L–N)
The Tc-zen2 RNAi phenotype.
(A) The onset of gastrulation can be recog-
nized by the formation of the primitive pit. A
clear border forms between the stretched-
out cells of the serosa and columnar cells of
the germ rudiment (dashed line). The dorsal
cells of the germ rudiment will form the
amnion.
(B) Amnion and serosa grow over the poste-
rior end of the embryo proper to form the
posterior amniotic fold. This occurs to a
lesser extent at the anterior to form the ante-
rior amniotic fold. The crests of the folds
form the serosal window.
(C) After closure of the serosal window, the
amnion and the serosa are visible as sepa-
rate membranes.
(D) Germband extension.
(E) After Tc-zen1 RNAi, no serosa is present,
and the whole embryo consists of germ rudiment. The presumptive amnion occupies the whole anterior and dorsal side of the egg. The
anlagen of the embryo proper are enlarged.
(F) The amniotic cells start to flatten, and the cells of the embryo proper condense.
(G) A structure similar to the posterior amniotic fold has formed. The head and thorax of the embryos consist of more cells, which are less
dense, generating the typical “big head” phenotype.
(H) When the germband starts to retract, a structure similar to the anterior amniotic fold forms.
(I) At the extended germband stage, the amnion and the serosa start to fuse beneath the thorax.
(J) The fusion proceeds toward dorsal, pulling the lateral sides of the embryo toward dorsal.
(K) The fused amnion and serosa disappears. At the dorsal tip, the remaining serosa starts to crumble, forming the dorsal organ and pulling
the sides of the embryo over the yolk. This finally leads to dorsal closure.
(L and M) After Tc-zen2 RNAi, the amnion and serosa do not fuse.
(N) The amnion still connects the two lateral sides of the embryo ventrally, forcing the embryo to close ventrally, enclosing the legs, and
leaving the nerve cord and yolk outside. The following abbreviations were used: aaf, anterior amniotic fold; paf, posterior amniotic fold; pp,
primitive pit; and sw, serosal window.pletely everted embryos. A schematic interpretation of w
the RNAi phenotypes is presented in Figure 8. a
Although the Tc-zen1 and Tc-zen2 proteins have only s
38% amino acid identity and, thus, might bind to dif- s
ferent cis-regulatory elements, it is more likely that the A
distinct phenotypes are generated by diverged tran- t
scriptional regulation. We found that early serosal Tc- t
zen2 expression is dependent on Tc-zen1, which ex- u
plains why Tc-zen2 does not rescue the serosa after a
Tc-zen1 RNAi. In addition, Tc-zen1 is not expressed in b
the late amnion, which explains why Tc-zen1 cannot d
rescue dorsal closure. This makes the duplication of s
zen in Tribolium a textbook example of subfunctionali- S
zation [27, 28]. t
i
TExpansion of the Germ Rudiment
gIn Drosophila, zerknu¨llt mutations lead to cell-fate shifts
along the DV axis as the loss of the amnioserosa is
ccompensated by an expansion of the dorsal ectoderm
ptoward the dorsal midline. Accordingly, zen expression
cin Drosophila is largely controlled by the DV patterning
rsystems, at both the maternal and zygotic level [9, 10].
pIn Tribolium, loss of Tc-zen1 causes an enlargement
qof the germ rudiment at the expense of the serosa. The
dearly expansions, visualized by molecular markers, oc-
scur primarily along the AP axis (Figures 4C–4F and 4K–
m4N), suggesting an AP patterning role for Tc-zen1. This
is consistent with the earliest Tc-zen1 expression, thich starts symmetrically at the anterior pole without
dorsal tilt [14, 29]. Furthermore, ventralized and dor-
alized Tribolium embryos possess a dorsoventrally
ymmetrical serosa at the anterior pole (P. Kalscheuer,
. Basal, and M.v.d.Z., unpublished data). This shows
hat the serosa is primarily established under control of
he AP patterning system and only later tilts dorsally
nder influence of the DV system. The latter is probably
direct regulatory input of the DV pathway on Tc-zen1
ecause Tc-zen1 expression slightly expands at the
orsal side before the morphological distinction of the
erosa and germ rudiment cells becomes apparent.
uch a DV input might be the starting point for evolu-
ionary changes that culminate in the situation, found
n Drosophila, in which zen is a DV patterning gene. In
ribolium, however, zen1 is primarily an AP patterning
ene.
Tc-zen1 might act like a gap gene in Drosophila. This
ould even account for the enlargement of the more
osterior germ rudiment fates after Tc-zen1 RNAi be-
ause deletion of gap genes in Drosophila led to long-
ange fate shifts [30]. However, a substantial part of the
osterior enlargement is probably a secondary conse-
uence of loss of Tc-zen1. Because the germ rudiment
oes not condense in the absence of the serosa, the
patial coordinates of the uniform blastoderm stage are
aintained until the beginning of gastrulation. The en-
ire blastoderm behaves now like the germ rudiment in
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633the wild-type, and the cell number increases through-
out the embryo surface. This results in true fate-map
shifts along both body axes, as revealed by our analy-
sis of the hairy and Engrailed stripes in Tc-zen1 RNAi
embryos. Thus, one of the main functions of the serosa
prior to gastrulation might be the coordinated scaling
down of an early expanded fate map. Absence of Tc-
zen1 maintains the expanded fatemap, generating a
situation similar to long-germ development, in which
genes such as twist are expressed along the entire AP
axis.
The shrinkage of an early expanded fate map during
transition from uniform to differentiated blastoderm is
probably an ancestral feature of short-germ development
because it has been observed by fate-map studies on
dragonflies (Odonata), which represent one of the most
primitive hemimetabolous insect orders [31].
Size Regulation
The dramatic early fate shifts after Tc-zen1 RNAi result
in embryos with an enlarged head and thorax. This en-
largement is caused by (1) a lower density and (2) an
increased number of cells contributing to head and tho-
rax in comparison to the wild-type. How is it possible
that normally sized larvae arise from these embryos?
The lower density of cells in the head region is
caused by the absence of flattening serosal cells. In
the wild-type, the serosa enables the cells of the germ
rudiment to condense ventrally at the onset of gastrula-
tion. Instead of serosal cells, amniotic cells are found at
anterior and dorsal positions of Tc-zen1 RNAi embryos.
Although the amniotic cells flatten much later and more
gradually than the serosal cells, the amniotic cells
eventually compensate for the loss of the serosa after
Tc-zen1 RNAi and enable the head and thorax to con-
dense slowly and normalize the cell density.
It is less clear how the increase in cell number after
Tc-zen1 RNAi is corrected. In Drosophila embryos with
multiple copies of bicoid, the head and thorax regions
are enlarged at the expense of the abdominal region
[18, 32]. Nevertheless, larvae emerge with an almost
normal cuticle pattern [33]. In this case, it was shown
that local changes in cell division and cell death rates
could account for size regulation [34]. However, neither
anti-PH3 stainings for cell divisions nor TUNEL assays
for cell death showed obvious differences between Tc-
zen1 knockdown and wild-type embryos. Thus, either
our methods to record changes in cell division or cell
death rates are not sufficiently accurate, or alternative
mechanisms of size regulation exist.
One alternative mechanism could be a cell-fate shift
of embryo proper to amnion. Such a mechanism is con-
ceivable for two reasons. First, a surplus of amniotic
cells does not harm the embryo because an enlarged
amnion will just fold further over the abdomen and the
head of the embryo proper (Figure 8H). An excess of
amnioserosa cells does not harm development in Dro-
sophila either. In Drosophila embryos with four copies
of decapentapledgic (dpp), the amnioserosa consists
of up to 400 cells instead of the usual 135, with no com-
promise in viability [35]. Second, the fate decision be-
tween the amnion and the embryo proper is probably
more flexible than the fate decision between the serosaand the germ rudiment. In ligation experiments with the
camel cricket Tachycines, for example, amniotic cells
can be induced to form missing parts of the germband
[36, 37]. Therefore, a progressive transformation of em-
bryonic into amniotic tissue may contribute to the size
regulation of the enlarged head and thorax in Tc-zen1
RNAi embryos.
Dorsal Closure
The classical description of dorsal closure in short-
germ insects assumes a reversal of the movements that
have generated amnion and serosa in the first place.
The serosa fuses with the amnion, and a serosal win-
dow forms that widens and finally releases the embryo
at the ventral side. However, this course of events is
found only in ancestral hemimetabolous insect orders
[38]. In the majority of cases, the serosa stays con-
nected to the inner eggshell or the serosal cuticle,
whereas dorsal closure appears to be largely driven by
morphogenetic movements within the amnion or dorsal
ectoderm of the embryo [5, 38].
We have seen a similar phenomenon in Tribolium
(Figures 8I–8K). The fusion of amnion and serosa ven-
trally does not lead to a renewed formation of a serosal
window. The amnion appears to intercalate with the se-
rosa, dragging the two halves of the embryonic ecto-
derm toward the dorsal side of the embryo. A function
in dorsal closure is probably ancestral for zen because
zen is also expressed in the late amnion in Schistocerca
[15]. More importantly, RNAi with zen in the hemipteran
Oncopeltus fasciatus results in everted embryos (K.A.
Panfilio, P.Z. Liu, and T.K. Kaufman, personal communi-
cation).
The function of Tc-zen2 is restricted to mediating the
fusion between amnion and serosa. After serosa loss
due to Tc-zen1 RNAi, Tc-zen2 is not required anymore
for dorsal closure. The remaining amnion then connects
the two sides of the embryo dorsally and covers the
yolk, enabling normal dorsal closure (compare Figures
8H and 8K). The situation resembles normal develop-
ment in Apis or Drosophila. In Apis, the amnion does
not enclose the embryo by forming an amniotic cavity,
but covers the yolk at the dorsal side [39]. In Drosoph-
ila, a single extraembryonic cell layer, the amnioserosa,
covers the yolk and embryo dorsally and is indispens-
able for dorsal closure.
Taken together, the loss of the serosa in the Tribolium
embryo reveals an unexpected plasticity of the extra-
embryonic membrane system in a short-germ insect. A
situation is generated that shows similarity to normal
development of more-derived long-germ embryos from
other holometabolous insect orders (Hymenoptera and
Diptera). The plasticity seen in Tribolium might repre-
sent the ancestral condition and might have facilitated
the evolutionary changes that led to the reduction of
the extraembryonic membranes in hymenopterans and
higher dipterans.
The Function of the Serosa
Normally sized larvae and perfect dorsal closure after
the loss of the serosa leaves us with a baffling problem:
Why do Tribolium embryos need a serosa in the first
place? Protection against desiccation or rupture [1] is
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634not essential because the Tc-zen1 RNAi embryos with- e
aout serosa survived the dry laboratory conditions and
relatively rough handling with sieves. Nevertheless, we p
lcan exclude neither an essential physical protection
against conditions that are found only in the natural c
chabitat nor a small contribution, which would still be
highly significant under conditions of natural selection, e
to the survival rate due to physical protection. However,
Ean interesting alternative to physical protection has re-
cently been suggested. In Manduca, extraembryonic S
tissues appear to harbor innate immune functions that B
protect the embryo against bacterial infections [40]. In m
Tribolium, the NF-κB protein Dorsal is expressed at c
mhigh levels in the serosa [29]. Because the Toll-rel/NF-
mκB pathway is crucial for innate immunity [41, 42], an
(immune function had been suggested for the serosa in
s
Tribolium as well [29]. Such a function would be appar-
ent only if the embryos were challenged by pathogens. E
E
fHox3 and Bicoid
EIt has been assumed that zen is derived from an an-
qcestral class-3 Hox gene [43]. In more primitive arthro-
l
pods, the Hox3/zen homolog is expressed in a ca- e
nonical Hox3-like fashion, as shown for the spider t
Cupiennius salei and the mite Archegozetes longiseto-
Csus [44, 45]. The primitive wingless insect Thermobia
Rprovides an interesting intermediate case [46]. There,
mzen is expressed as a Hox3 gene in head segments, but
T
also in the emerging amnion, where it possibly fulfils a C
morphogenetic role. In the lineage leading to the A
winged insects, Hox3 completely lost its function in 6
specifying segment identity and expanded its role in
Sthe morphogenesis and specification of the extraem-
dbryonic tissues. Concomitantly, it became involved in
a
specifying the serosa that arises from anterior egg re- p
gions in the majority of insects. The anterior expression D
required for this function of zen might be due to a new w
aenhancer element. However, it might also be derived
ffrom an ancestral enhancer element that still had bind-
Ting sites for AP patterning genes. In the latter case, the
G
AP patterning function of Tc-zen1 would be a vestige i
of its homeotic origin. T
Irrespective of the evolutionary path by which zen ac- s
quired a function in serosa specification, this event was
Pprobably crucial for the evolution of the anterior mater-
Fnal determinant bicoid, which is involved in head and
sthorax formation in higher dipterans [18, 47–49]. In-
w
deed, it is striking that there is a formal similarity be- d
tween the phenotypes caused by loss of bicoid in Dro- a
sophila and those caused by loss of zen1 in Tribolium. w
aIn both cases, anterior regions of the early embryo are
deleted and replaced by the expansion of more poste-
Irior regions. In a long-germ insect such as Drosophila,
I
the anterior regions correspond to the anlagen of head p
and thorax; in a short-germ insect such as Tribolium, s
they correspond to the anlagen of the serosa. However, d
tthe serosa is not only the anteriormost fate of the blas-
toderm in most insects—the decision between serosa
Cand germ rudiment is also one of the earliest cell-dif-
Eferentiation events. Thus, zen had to acquire an early
r
anterior expression. This requirement has probably fa- m
vored evolutionary changes that allowed early tran- w
cscription and anterior localization, including maternalxpression. Both Schistocerca zen [15] and Tc-zen1 are
lready maternally expressed (S. Brown and L. Farzana,
ersonal communication; M.v.d.Z. and S.R., unpub-
ished data). Taken together, these data make it con-
eivable that the involvement of zen in serosa specifi-
ation provided a favorable starting point for the
volution of bicoid in higher dipterans [47–49].
xperimental Procedures
tock Maintenance
eetles were kept on wheat flour (Diamant extra, type 405) supple-
ented with dried baker’s yeast in plastic boxes at 30°C. For egg
ollection, beetles were placed for 1–3 days on instant flour (Dia-
ant instant, type 405). Beetles were sieved out with a 710 m
aze sieve, and eggs were collected with a 300 m maze sieve
Retsch). All food was kept at least one night at −20°C, and all
ieves were kept at 60°C in order to prevent infections.
mbryo Fixation
mbryos were dechorionized with a hypochlorite solution and fixed
or 30 min in 4 ml PEMS (0.1 M PIPES, 2 mM MgSO4, and 1 mM
GTA [pH 6.9]), 5 ml heptane, and 1 ml 20% formaldehyde. Subse-
uently, the water phase was removed, and embryos were devitel-
inized by a methanol shock and stored in methanol at −20°C. Older
mbryos, difficult to devitellinize by a methanol shock, were devi-
ellinized with forceps and needle.
loning of Tc-zen2
NA was isolated by a trizol (Invitrogen) extraction, and cDNA was
ade with the Cloned AMV First Strand Synthesis kit (Invitrogen).
c-zen2 was amplified from this cDNA with the forward primer 5#-
CATTCTCGGGGCTTTTCATAG-3# and the reverse primer 5#-ACA
TTCTTCCCTTGGTAATACTG-3# at an annealing temperature of
0°C and cloned into TOPO vector (Invitrogen).
ynthesis of dsRNA and In Situ Probes
sRNA was synthesized with the MEGAscript RNAi kit of Ambion
ccording to the manufacturer’s protocol. DIG-labeled in situ
robes were made with the MAXIscript T7/T3 Kit (Ambion), but with
IG RNA Labeling mix (Roche). Preferentially linearized plasmids
ere used as template instead of PCR products. For lacZ dsRNA,
fragment including the lacZ gene and a T7 site was amplified
rom the TOPO II vector with the forward primer 5#-AGCGCCCAA
ACGCAAACCG-3# and the reverse primer 5#-CACACCCGCC
CGCTTAATG-3# at an annealing temperature of 65°C and cloned
nto the TOPO 2.1 vector (Invitrogen). Fragments with two opposing
7 sites were excised with PvuII, purified (Purification kit, Amer-
ham), and used as template for dsRNA synthesis.
arental RNAi
emale pupae were collected shortly before hatching, and the dor-
al side of the terminal segment was fixed on a microscope slide
ith Fixogum (Marabu). Approximately 0.2 l of a 0.5–1.0 g/l
sRNA solution was ventrally injected between the third and fourth
bdominal segment (see Figure 2 for total amounts). After 5 days,
ild-type male beetles were added, and offspring were collected
nd analyzed (after [50]).
n Situ Hybridizations and Immunostainings
n situ hybridizations were performed as described [51], but without
roteinase-K treatment. In situ stained embryos were counter-
tained with DAPI. Immunostainings were carried out essentially as
escribed in [52]. The Engrailed antibody 4D9 was used 1:5, and
he anti-phospho-histone3 antibody was used 1:1000 in PBST.
uticle Preparation
ggs were transferred to a 96 well plate. After 5 days, hatching
ates were counted, and a few drops of a 9:1 lactic acid:ethanol
ixture were added to every well. After one night at 60°C, cuticles
ere studied under a dark-field binocular or mounted for light mi-
roscopy.
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635TUNEL Assays
Assays were performed essentially as described in [53]. However,
0.1% Tween-20 was added to the TdT and DNase I buffer.
Preparation of Cross-Sections for Confocal Microscopy
Embryos in their vitelline membrane were cut with a razor blade
into five or six slices in PBST, treated with RNAse, and washed in
PBST. After being refixed for 10 min in 4% formaldehyde in PBST,
sections were washed with PBST, blocked for 1 hr in 1% bovine
serum albumin and 3% normal goat serum in PBST, and subse-
quently incubated with undiluted anti-phospho-tyrosine antibody
overnight at 4°C. After being washed with PBST and blocked for
30 min, sections were incubated for 2 hr with Alexa 555 anti-mouse
antibody (Molecular Probes, 1:400) and YOYO-1 (Molecular Probes,
1:25.000) in PBST at room temperature. After being washed with
PBST, sections were embedded in vectashield (Vector Laborato-
ries) and examined under a confocal microscope.
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